Introduction
============

The mesocorticolimbic system has been associated with reward, motivation, and goal-directed behavior. Drugs of abuse enhance extracellular dopamine concentration in components of the mesocorticolimbic system, including the ventral striatum (nucleus accumbens, NAc), extended amygdala, hippocampus, anterior cingulate, prefrontal cortex, and insula, which are triggered by dopaminergic projections essentially from the ventral tegmental area (VTA; [@B16]). Based on earlier studies ([@B17]; [@B19]; [@B23]), although the mesocorticolimbic system responds to natural rewards such as food, water, and sex, drugs of abuse induce a larger response in this system than physiological stimuli. Past research suggests that the drugs of abuse "hijack" the neurobiological mechanisms by which the brain reacts to reward, creates reward-related memories, and summarizes action repertoires leading to the reward ([@B7]; [@B18]). According to [@B34], [@B35]), through repeated drug use, drug related cues become conditioned stimuli and evoke dopamine release and craving; and over time, the incentive salience of these cues is heightened ([@B29]). This phenomenon of heightened salience of the drug cues has been demonstrated in human neuroimaging studies by increased blood oxygenation level dependent (BOLD) activation in areas including the prefrontal cortex \[medial prefrontal cortex (mPFC), orbital frontal cortex, dorsolateral prefrontal cortex\], VTA, anterior cingulate cortex, insula, NAc, amygdala, and hippocampus in response to drug cues relative to neutral cues in chronic drug users (see [@B16] for review).

A major focus of the recent neuroimaging studies has been to understand not just which individual brain locations are activated by drug cues, but how individual brain regions are integrated, i.e., functional connectivity. Functional connectivity has been examined in cocaine users in resting-state ([@B14]; [@B36]; [@B2]; [@B25]) and also when they performed tasks (a finger-tapping and an attention task; [@B33]; [@B15]). According to [@B9], resting state functional connectivity, typically assessed by the correlation of spontaneous fluctuations of BOLD signals in different regions of the 'resting' brain, is believed to provide a measure of the brain's functional organization. Resting state functional connectivity between the regions within the mesocorticolimbic system in cocaine users has been examined by [@B14]. Results showed that cocaine users compared to controls had a reduced functional connectivity within this system. However, functional connectivity studies are limited in that although they provide information about the interaction of brain regions of interest (ROIs), these studies do not assess how one region influences another.

Effective connectivity on the other hand refers to the causal influence that one brain region employs over another, and thus add an important information on the consequences of chronic drug use on the mesocorticolimbic system. To the best of our knowledge, only three functional magnetic resonance imaging (fMRI) effective connectivity studies have been done with cocaine users. As part of the study described here, we have reported effective connectivity among brain regions within the drug cue processing network using IMaGES ([@B24]), a Bayesian search algorithm, while chronic cocaine users viewed cocaine-related picture cues ([@B26]). During cocaine cue exposure, cocaine users demonstrated a unique feed-forward effective connectivity pattern between the ROIs of the drug-cue processing network (amygdala→hippocampus→dorsal striatum→insula→medial frontal cortex, dorsolateral prefrontal cortex, anterior cingulate cortex) that was absent when the controls viewed the cocaine cues. Using a stochastic dynamic causal modeling (DCM) approach, [@B22] showed that cocaine subjects differed from controls in that effective connectivity from inferior frontal cortex to striatum was less affected by an immediate working memory task in the cocaine compared to the control group, and the effective connectivity from middle frontal gyrus to the striatum was less affected by the delayed working memory task in the cocaine compared to the control group. And [@B21] utilized an fMRI-based stochastic DCM to study the effective neuronal connectivity associated with response inhibition in cocaine dependent subjects, elicited under performance of a Go/NoGo task with two levels of NoGo difficulty (Easy and Hard). The DCM analysis revealed that prefrontal-striatal connectivity was influenced during the NoGo conditions for both groups. In cocaine dependent subjects, the effective connectivity from left anterior cingulate cortex to left caudate was more negative during the Hard NoGo conditions.

The goal of this study was to expand [@B14] study by examining effective connectivity among regions within the mesocorticolimbic dopamine system (**Figure [1](#F1){ref-type="fig"}**) in cocaine users during resting-state, when there are no demands being placed, such as cognitive tasks or viewing drug cues. This provided a measure of baseline effective connectivity, utilizing baseline BOLD signal, within the mesocorticolimbic system in cocaine users ([@B20]). Since there is no demand on task, resting-state data unburden subject compliance, and training demands, and thus makes it interesting for studies of development and clinical populations. An analysis of baseline connectivity might shed light on the interpretation of prior research that has found an increased connectivity in cocaine users (vs. controls) in response to, for example, a cognitive task. Conceivably, such a finding might be due to a characteristically higher resting state level of connectivity for cocaine users; if true, then a conclusion that higher connectivity is due to a cognitive task would be called into question. In the present fMRI study, we examined effective connectivity in resting-brain, more specifically, between the brain regions within the mesocorticolimbic dopamine system while the chronic cocaine users took part in a resting-state scan. We collected resting-state fMRI data from cocaine smokers who were non-treatment seekers and were abstinent from cocaine use for 72 h and age-matched healthy controls with no experience with cocaine.

![**This figure depicts the mesocorticolimbic system.** The blue arrows represent dopaminergic pathways: the red arrows represent glutamatergic pathways; black arrows represent GABAergic pathways. Brain areas anterior cingulate, insula, orbital frontal cortex and dorsolateral prefrontal cortex are not shown in the figure.](fnhum-10-00563-g001){#F1}

Although originally developed for task based fMRI ([@B11]), several methodological developments have made it possible to use DCM to model effective connectivity during resting-state ([@B4]; [@B5]; [@B12]). One of the recent developments is to inverse DCM models at the frequency spectrum domain ([@B12]). In the current study, we applied this spectral DCM (spDCM) approach on resting-state fMRI data collected from chronic cocaine users and controls to examine effective connectivity among four key regions within the mesocorticolimbic dopamine system: VTA, NAc, hippocampus, and medial frontal cortex. We first set fully connected models for the two groups. We then adopted a Bayesian model reduction approach to identify optimal models for the two groups ([@B10]). More specifically, based on research conducted by [@B14], we hypothesized that the cocaine group compared to the control group would show a decreased effective connectivity pattern between the four regions within the mesocorticolimbic dopamine system as a result of chronic cocaine use during resting-state.

Materials and Methods {#s1}
=====================

Participants
------------

Twenty (15M; 5F) non-treatment seeking chronic cocaine smokers abstaining from cocaine use for 72 h, and 17 (13M; 4F) age-, education-, and ethnic-background matched healthy control participants took part in the study (**Table [1](#T1){ref-type="table"}**). The two groups did not significantly differ with regard to their age, education, alcohol use quantity, nicotine use frequency and quantity, and caffeine use frequency and quantity.

###### 

Demographic and substance use information for cocaine users and controls.

                                                     Cocaine (*n*=20)         Control (*n*=17)              
  -------------------------------------------------- ------------------------ --------------------- ------- ---------
  Age (years)                                        46 (6.4)                 46 (7)                0.10    0.92
  Education (years)                                  13.4 (2.4)               13.5 (2.1)            -0.17   0.86
  **Race/Ethnicity**                                                                                        
  Caucasian                                          7                        5                             
  African American                                   11                       11                            
  Hispanic                                           2                        1                             
  Female (*n*)                                       5                        4                             
  **Cocaine Use by All Users**                                                                              
  Frequency (days/week)                              3, 2--6 (1.2)            NA                            
  Duration of use (years)                            16, 3--34 (8)            NA                            
  Money spent (\$/week)                              \$220, \$70--550 (131)   NA                            
  **Cocaine Use by Non-cocaine dependent/abusers**                                                          
  Frequency (days/week)                              3, 2--6 (1.5)                                          
  Duration of use (years)                            9, 3--19 (6)                                           
  Money spent (\$/week)                              \$172, \$80--350 (93)                                  
  **Alcohol Use**                                                                                           
  Frequency (days/month)                             1.9, 1--2.5 (0.55)       4.0, 2.5--6.5 (1.4)   -4.89   0.00^∗^
  Quantity (drinks/occasion)                         2.1, 1--3.5 (0.92)       1.7, 1--2 (0.42)      0.92    0.37
  Drinkers (\#)                                      13                       6                             
  **Nicotine Use**                                                                                          
  Frequency (days/week)                              5.1, 1--7 (2.3)          5.7, 3--7 (2.3)       -0.40   0.70
  Quantity (cigarettes/day)                          6.3, 1.5--13 (3.0)       2.8, 2.5--3 (0.29)    2.00    0.07
  Smokers (\#)                                       13                       6                             
  **Caffeine Use**                                                                                          
  Frequency (days/week)                              4.4, 1--7 (2.5)          3.6, 1--7 (2.4)       0.78    0.44
  Quantity (cups/day)                                1.3, 1--2 (0.43)         1.3, 1--4 (0.90)      0.26    0.80
  Caffeine users (\#)                                13                       11                            
  **Clinical Characteristics**                                                                              
  DSM-IV-R cocaine dependence                        10                       NA                            
  DSM-IV-R cocaine abuse                             3                        NA                            
  Cocaine non-dependent/abusers                      7                                                      

∗

Denotes significant group difference.

The main inclusion criteria for the study participants included English as their first language, no report of childhood learning disability or special education, right handedness, and near 20/20 vision (or corrected). The main exclusion criteria for the study participants included serious medical conditions, a history of psychiatric or neurological disorder or treatment, lifetime diagnosis of any substance use disorder of the prospective participant's biological mother (to rule out prenatal exposure effects), MRI contraindications, alcohol abuse and dependence including past dependence on alcohol, and for women, pregnancy. Participants were excluded if they reported any history of anxiety or depression in their recent past.

Participants were included in the cocaine group if they currently spent a minimum of \$70 per week on cocaine and had a history of smoking cocaine for at least two times per week for the past 6 months (assessed by self-report). Participants in the cocaine group were instructed to abstain from cocaine for at least 72 h before their study appointment. The primary current drug of choice for the cocaine group was cocaine and they did not meet a DSM-IV-TR diagnosis of abuse or dependence for any other drugs, as confirmed by SCID ([@B8]). Half of the cocaine users did not meet DSM-IV-TR criteria for cocaine dependence, and seven did meet criteria for abuse or dependence. Ten out of 20 cocaine users never tried any other drugs in their lifetime and nine others experimented with marijuana once or two times in their lifetime ranging from 15 to 30 years back. Only one used marijuana one time in his/her lifetime 3 weeks before the study. Participants were included in the control group if they did not have any current or past drug use history and had no alcohol abuse history in their first degree family members. Ten out of 17 controls never tried any drugs in their lifetime and seven others experimented with marijuana once or two times in their lifetime ranging from 30 to 43 years back. Family history of alcohol abuse was assessed by using a semi-structured diagnostic instrument called Family History Assessment Module ([@B3]). None of the participants in the cocaine or in the control group reported any history of anxiety or depression during the past 2 weeks on the day of the telephone screening interview which took place within 7 days of the study.

On the day of the study, all participants gave written informed consent and took a urine screen to rule out pregnancy in women, and to ensure negative urine toxicology for cocaine, methamphetamine, THC, opiate and benzodiazepines (One Step Multi-Drug Screen Test Panel). Abstinence from alcohol was confirmed with a breathalyzer. At the end of the study, participants were compensated with a gift certificate worth \$100 for their participation and were paid for their transportation expenses ([@B26]). This research was approved by the Rutgers University Institutional Review Board.

Procedure
---------

Each participant completed a resting-state scan and a high resolution anatomical MPRAGE (magnetization-prepared rapid acquisition with gradient echo) scan. During resting-state scan, participants were instructed to lie quietly without any movements while they visually fixated on a cross for 6 min. All participants completed resting-state scan first and then took part in the cue exposure task. All participants were administered a cocaine-craving questionnaire (CCQ-Brief; [@B31]) before the resting-state scan started. They had to rate their craving for cocaine on a seven-point scale (1 = Strongly Disagree, 7 = Strongly Agree).

Image Acquisition
-----------------

Imaging data were collected using a 3T Siemens Trio head-only fMRI scanner equipped with a standard Siemens head coil. While participants visually fixated on the cross, T2^∗^-weighted echo planar images were acquired (35 axial slices, voxel size 3 mm × 3 mm × 3 mm, interslice gap 1 mm, matrix size 64 mm × 64 mm, *FOV* = 192 mm, *TR* = 2000 ms, *TE* = 25 ms, flip angle = 90°) covering the entire brain. A sagittal T1-weighed structural scan (*TR* = 1900 ms, *TE* = 2.52 ms, matrix = 256 × 256, *FOV* = 256 mm, voxel size 1 mm × 1 mm × 1 mm, 176 1-mm slices with 0.5 mm gap) was acquired in order to co-register it with the fMRI data ([@B26]).

ROIs Selection
--------------

Based on prior publications in the field of addiction (see section 3.3.1. of [@B16]) we selected four ROIs within the mesocorticolimbic dopamine system as key nodes for effective connectivity analysis during resting-state. These four ROIs included VTA, NAc, hippocampus and medial frontal cortex. We selected these four regions: (1) VTA because regions within the mesocorticolimbic system are innervated by dopaminergic projections predominantly from the VTA, (2) VTA directly sends its projection to NAc (ventral striatum) implicated in reward and motivation, (3) hippocampus is responsible for memory related to past drug use, and (4) medial frontal cortex is implicated in continuation of drug seeking behavior ([@B16]). These four regions well represent mesocorticolimbic system (**Figure [2](#F2){ref-type="fig"}**).

![**Four regions of interest (ROIs) within the mesocorticolimbic system that were used for spDCM analysis**.](fnhum-10-00563-g002){#F2}

Data Preprocessing
------------------

For each participant, in the first step, first five time-points were removed from that participant's BOLD fMRI data to account for T1-relaxation effects. In the next step, the participant's BOLD fMRI data were motion corrected with respect to the mean image of that participant. Following motion correction, each participant's BOLD fMRI data were co-registered to the anatomical images for that participant. Following co-registration, each participant's anatomical images were segmented into gray matter, white matter, cerebrospinal fluid (CSF) images and the deformation fields were derived to transform each participant's BOLD fMRI data into the MNI standard space. Lastly, 24 head motion parameters ([@B13]), the first five principle components of signals from white matter, and first five principle components of signals from CSF were regressed out for every voxel using linear regression.

In order to study effective connectivity patterns of the mesocorticolimbic dopamine system, we defined a total of four brain regions based on [@B16]. For each cocaine participant, a mean voxel based time series was extracted from each of these four ROIs (bilateral) using the AFNI program '3dmaskave', and used as input to the spDCM analysis in modeling the causal interactions between the ROIs during resting-state. For these four ROIs, the mean voxel based time series for the right brain area (i.e., right hippocampus) and the left brain area (i.e., left hippocampus) were averaged to create the mean voxel based time series for that brain area (hippocampus). A mean voxel-based time series data extracted from the same ROIs during resting-state from the control participants were used as input to the spDCM program to generate an additional spDCM analysis output.

Dynamic Causal Modeling
-----------------------

SPM 12 (with updates 6685) was used to perform spDCM analysis. For each subject, we first built a DCM with all endogenous connectivity specified (full model). All other types of connectivity, i.e., B, C, and D parameters, were set as zero. We used spectrum DCM framework to inverse the model for each subject ([@B12]). We next employed a network discovery procedure to optimize the DCMs for each group, separately ([@B10]). This procedure tests all the models nested in the full model, and chose the model with highest posterior probability. We then adopted Bayesian parameter averaging (BPA) approach to obtain model parameters for each group, separately ([@B27]). To compare connectivity parameters between the two groups, we compared model parameters from the full models between the two groups by using the BPA approach. Group differences in connectivity were identified using false discovery rate (FDR) at *p* \< 0.05 correcting for the total 16 (4 × 4) connectivity parameters.

Results
=======

Motion Comparison
-----------------

All participants met the motion threshold (0.5 mm) as set for the study. That is, for all participants, the mean frame-wise displacement was less than 5 mm. A group level unpaired *t*-test revealed that groups did not differ in mean frame-wise displacement (*p* = 0.8120). The average mean frame-wise displacement was 0.177 mm in the cocaine group and 0.185 mm in the control group.

Craving Results
---------------

For each participant, craving scores were obtained ([@B31]) before the resting state scan. Results showed that cocaine users did not show significantly higher craving rating compared to controls \[*t*(35) = 1.02, *p* = 0.31; 1.23 (*SD* = 1.03) vs. 1 (*SD* = 0)\].

Dynamic Causal Modeling
-----------------------

Model optimization procedure gave slightly different model structures for the two groups. For the cocaine group, the effective connectivity from the VTA to medial frontal cortex and effective connectivity from the medial frontal cortex to hippocampus were removed. While for the control group, the effective connectivity from the NAc to medial frontal cortex and effective connectivity from medial frontal cortex to VTA were removed. The effective connectivity structures along with averaged connectivity parameters for the two groups are shown in **Figure [3](#F3){ref-type="fig"}**.

![**Optimized dynamic causal models (DCMs) for the cocaine group (A)** and the control group **(B)**. Red color indicates positive effective connectivity, while blue color indicates negative effective connectivity. Numbers represent averaged effective connectivity strengths using Bayesian parameter averaging. Hipp, hippocampus; MFC, medial frontal cortex; VTA, ventral tegmental area; NAc, nucleus accumbens.](fnhum-10-00563-g003){#F3}

Group differences in effective connectivity parameters of the full model between the two groups are shown in **Figure [4](#F4){ref-type="fig"}**. Compared to the control group, the cocaine group had higher effective connectivity for seven connections (red arrows), and reduced effective connectivity for three connections (blue arrows). The cocaine group showed higher effective connectivity from the VTA to NAc, hippocampus and medial frontal cortex. In addition, the effective connectivity from the hippocampus to NAc, the reciprocal effective connectivity between the hippocampus and medial frontal cortex, and the self-effective connectivity of the NAc also showed a greater effective connectivity in the cocaine group compared to the control group. In contrast, the control group showed a higher effective connectivity from the medial frontal cortex to VTA, from the NAc to medial frontal cortex, and on the hippocampus self-loop.

![**Group differences in effective connectivity parameters between the cocaine and control groups.** Red indicates a greater effective connectivity in the cocaine group compared to the control group, and blue indicates a reduced effective connectivity in the cocaine group compared to the control group. Significant group differences were identified after false discovery rate (FDR) correction at *p* \< 0.05. Hipp, hippocampus; MFC, medial frontal cortex; VTA, ventral tegmental area; NAc, nucleus accumbens.](fnhum-10-00563-g004){#F4}

Discussion
==========

The objective of this fMRI study was to compare effective connectivity among four key brain regions within the mesocorticolimbic dopamine system in chronic cocaine users to healthy controls during resting-state, when there are no demands being placed, such as cognitive tasks or viewing drug cues. This provided us a measure of baseline effective connectivity within the mesocorticolimbic dopamine system in chronic users of cocaine which is not available by measuring effective connectivity while the cocaine users perform a task. To examine effective connectivity, we employed one of the recently developed DCM models which utilizes the frequency spectrum domain (spDCM; [@B12]).

According to [@B16], drugs of abuse enhance extracellular dopamine concentration in components of the mesocorticolimbic system, including the NAc, extended amygdala, hippocampus, anterior cingulate, prefrontal cortex, and insula, which are triggered by dopaminergic projections essentially from the VTA ([@B16]). Since VTA sends projections to multiple areas within the mesocorticolimbic system, we decided that these connections would provide a good way to compare cocaine users with controls during resting-state. Our results provided a mixed support of our hypothesis. More specifically, group differences in effective connectivity pattern revealed that the control group compared to the cocaine group showed a higher effective connectivity from the medial frontal cortex to VTA, from the NAc to medial frontal cortex, and on the hippocampus self-loop, consistent with our hypothesis. However, contrary to our hypothesis, the cocaine group compared to the control group showed a greater effective connectivity from the VTA to all three other areas within the mesocorticolimbic dopamine system, that is, NAc, hippocampus and medial frontal cortex (**Figure [4](#F4){ref-type="fig"}**). Perhaps neuroplasticity within the mesocorticolimbic dopamine reward system as a result of chronic cocaine use may account for these differences in effective connectivity patterns between cocaine users and controls. We speculate that the higher effective connectivity from the medial frontal cortex to VTA and from the NAc to medial frontal cortex represent better cortical and subcortical communications in controls compared to cocaine users. More specifically, higher effective connectivity from the medial frontal cortex to VTA demonstrates control participants' higher cortical cognitive control on subcortical region (VTA; [@B28]) that may have implications for reducing drug seeking behavior.

We further speculate that may be the effective connectivity alterations throughout the mesocorticolimbic reward system revealed during resting-state in chronic users of cocaine play a role in maintaining problematic drug use. An enhanced causal influence of VTA on NAc, hippocampus and medial frontal cortex in cocaine users compared to control is consistent with [@B16], who suggested that drugs of abuse increase dopaminergic projections predominantly from the VTA to other areas within the mesocorticolimbic system.

The present study extends upon the previous research including research by [@B14] by establishing for the first time that during resting-state in abstaining cocaine users, the VTA created an enhanced effective connectivity to NAc, hippocampus and medial frontal cortex in cocaine users compared to controls within the brain's reward system. The present findings are, however, contrary to [@B14] who showed a reduced functional connectivity between regions within the mesocorticolimbic system, including between VTA and ventral striatum, between amygdala and mPFC, and between hippocampus and dorsal mPFC during resting-state in cocaine users compared to controls. Yet the majority of participants in [@B14] study did not abstain from cocaine during the resting-state scan, so their findings may reflect, in part, the acute effects of cocaine, which change resting-state functional connectivity.

Resting-state functional connectivity has been linked to self-monitoring and introspective processes ([@B6]). We speculate that, during the resting-state scan, a greater effective connectivity from the VTA to hippocampus within the mesocorticolimbic dopamine system in cocaine users compared to controls may reflect persistent thoughts of the cocaine users' long-term memory of drug use ([@B32]; [@B30]; [@B16]), consistent with the activation of hippocampus by VTA. We also speculate that an enhanced effective connectivity from the VTA to medial frontal cortex in cocaine users compared to controls may reflect activation of decision making and motivated behavior related to continued drug use ([@B1]; [@B16]). In future studies, participants might be interviewed post-scan to understand the content of their thoughts while they were inside the scanner. As potential system-level biomarkers of chronic cocaine use, the alterations within the mesocorticolimbic dopamine system may be usefully applied in treatment development and monitoring treatment outcome. It would be particularly useful to examine whether therapeutic interventions change the enhanced effective connectivities that were found in cocaine users within this system which may imply a positive treatment outcome.

Next, we would like to mention a couple of limitations of this study. First, although we matched the cocaine smoking and control groups based on their age, educational and ethnic/racial background, controls drank significantly more alcohol than the cocaine-using group (**Table [1](#T1){ref-type="table"}**). However, importantly, alcohol use was still very low for both groups (\<1 drink/day), therefore, was unlikely to affect our findings. This does, however, restrict our conclusions to a 'pure' cocaine-using group and may not be generalizable to cocaine users who abuse alcohol as well. Second, we acknowledge that we had a small sample size. There were only five female cocaine smokers in our study, thus, we could not investigate any potential sex differences in our resting-state study outcome. Third, due to limitation of the BPA approach that does not allow us to put alcohol and nicotine usage as covariates in group level analysis, we could not use alcohol use frequency and nicotine use quantity as covariates. However, alcohol usage frequency was actually significantly lower in the cocaine group than the control group, and conversely nicotine use quantity was higher in the cocaine group than the control group (non-significant). Despite these limitations, the results of the present study provide a model of effective connectivity among four regions within the mesocorticolimbic dopamine system during resting-state in individuals who are chronic users of cocaine. An important issue in interpreting results of a cross-sectional study, such as ours, is whether differences between groups are a consequence of chronic drug use or alternatively, reflect pre-existing differences that predispose some individuals to addiction. This can be investigated in future studies that will utilize a longitudinal design.

To conclude, the present study is the first to show that during resting-state in abstaining cocaine users compared to controls, the VTA initiates an enhanced effective connectivity to NAc, hippocampus and medial frontal cortex areas within the mesocorticolimbic dopamine system, the brain's reward system. Future studies of effective connectivity analysis during resting-state may eventually be used to monitor treatment outcome.
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